The population genetic history of a 10.1-kbp noncoding region of the human X chromosome was studied using the males of the HGDP-CEPH Human Genome Diversity Panel (672 individuals from 52 populations). The geographic distribution of patterns of variation was roughly consistent with previous studies, with the major exception that 1 highly divergent haplotype (haplotype X, hX) was observed at low frequency in widely scattered non-African populations and not at all observed in sub-Saharan African populations. Microsatellite (short tandem repeat) variation within the sequenced region was low among copies of hX, even though the estimated time of ancestry of hX and other sequences was 1.44 Myr. The estimated age of the common ancestor of all hX copies was 5,230 years (95% consistency index: 2,000-75,480 years). To further address the presence of hX in Africa, additional samples from Chad and Tanzania were screened. Five additional copies of hX were observed, consistent with a history in which hX was present in Africa prior to the migration of modern humans out of Africa and with eastern Africa being the source of non-African modern human populations. Taken together, these features of hX-that it is much older than other haplotypes and uncommon and patchily distributed throughout Africa, Europe, and Asia-present a cautionary tale for interpretations of human history.
Introduction
Many questions on human evolution depend on the development of a full historical demographic portrait, including answer to questions on where our ancestors lived at different times and how many there were and of the timing and magnitude of migrations of populations to new regions and environments. All of these questions can, in principle, be addressed with data on genetic variation and with population genetic analyses. This is true even though humans are not highly variable at the DNA level. The origin of modern humans and their spread throughout the world were comparatively recent events, in evolutionary terms, and the gene trees for many loci extend to times long before these events (Tishkoff and Verrelli 2003) and thus afford us the potential for developing a population genetic portrait of our ancestors.
Genetic studies of the history of modern human populations are largely consistent with a model of recent African origin (Cavalli-Sforza et al. 1994; Rosenberg et al. 2002; Tishkoff and Verrelli 2003; Ramachandran et al. 2005) . However, human genes vary considerably in their individual histories (Przeworski et al. 2000) , suggesting a history of our species that includes not only the formation of new populations but also migration among populations (Richards et al. 2003; Kivisild et al. 2004) and admixture among divergent populations (Hammer and Horai 1995; Labuda et al. 2000; Harding and McVean 2004; Garrigan, Mobasher, Kingan, et al. 2005; Garrigan, Mobasher, Severson, et al. 2005; Evans et al. 2006 ).
If we are to discern this complex history on a global scale, then we require data from a very large number of individuals and populations. It is also necessary that the loci under study not be strongly affected by ascertainment issues. Here we meet both of these critieria in a DNA sequence-based population genetic study of a 10-kbp (kilo basepair) region of the human X chromosome. The sample set is the Human Genome Diversity Panel of the Centre d'Etude du Polymorphisme Humain (HGDP-CEPH), which has been made available to investigators in hopes that a common sample set might be studied by different investigators using different loci . The sequenced region is noncoding and shows little evidence of recombination. The region also contains 2 short tandem repeat (STR) loci and so offers the opportunity to directly contrast STR variation with flanking sequence haplotypes that lie upon the same historical genealogy.
Materials and Methods

DNA Samples
Six hundred and seventy-two male individuals were selected from the HGDP-CEPH DNA Panel , including 6 populations from sub-Saharan Africa, 4 populations from Middle East and North Africa, 8 populations from Europe, 8 populations from Central and South Asian, 18 populations from East Asian populations, 2 populations from Oceania, and 5 populations from New World, as detailed in table 1. The full HGDP-CEPH set includes 685 male samples; however, only 678 are independent because of duplicate samples (Mountain and Ramakrishnan 2005) . The total sample size of the study was constrained to what could be accommodated in seven 96-well plates. Therefore, 6 individuals selected at random were not included.
The entire HGDP-CEPH has been the subject of studies involving hundreds of STR loci Zhivotovsky et al. 2003; Ramachandran et al. 2004 Ramachandran et al. , 2005 . Different types of analyses on these data, including clustering on the basis of departures from Hardy-Weinberg (Rosenberg etal. 2002) and using principal components (Zhivotovskyetal. 2003) , found that the data were consistent with a model of 5 major geographic regions, including Africa, Eurasia (including the Middle East and North Africa, as well as Central and South Asia), East Asia, Oceania, and the Americas. Several of our analyses make use of these same regional designations.
To identify the distribution of haplotype X (hX) across Africa, 3 portions of the Xp11.22 region that contained diagnostic variants of hX were sequenced in East African samples. Samples included 95 male Tanzanians (19 individuals from each of the following tribes: Maasai, Sandawe, Turu, Hadza, and Burunge) as well as 5 (4 males and 1 female) from the Laka tribe in Chad.
Selection of a Sequencing Region
A region of the X chromosome was selected for resequencing based on the following criteria: 1) it should be noncoding, to help avoid the effects of natural selection; 2) recombination should be low, so that gene tree and (Watterson 1975 ) of the population mutation rate for an X-linked locus, 3 Nu, per basepair. d Nucleotide diversity (Nei and Tajima 1981) per basepair. e Tajima (1989) . f Estimate of the population mutation rate for microsatellites (Goldstein et al. 1995) .
coalescent-based analyses could be applied; 3) it should contain one or more STR sites; and 4) it should not be atypical with regard to repeat insertion or GC content. The criterion of low recombination necessarily represented a tradeoffpermitting a wider array of analyses, but increasing the chance that selection on linked regions could have affected the history. Approximate levels of recombination along the X chromosome were assessed using single nucleotide polymorphism (SNP) data for African populations (Clark et al. 2003) .
We selected the region corresponding to bases 50,583,087-50,593,170 on National Center for Biotechnology Information (NCBI) Build 36.1, which lies within Xp11.22. This region does not contain any known gene but has 26 repeats composed of 11 short interspersed nuclear (SINE) elements, 7 portions of long interspersed nuclear (LINE) elements, 3 portions of long terminal repeat (LTR) elements, 3 DNA transposons, and 2 STRs (Kent et al. 2002) . The region was divided into 22 segments for direct sequencing. Polymerase chain reaction (PCR) amplification and bidirectional sequencing were performed by Genaissance Pharmaceuticals, Inc. (New Haven, CT).
Assembling and Alignment of Sequence Data
Sequence data were trimmed, assembled, and aligned using phred/phrap/consed/polyphred (Nickerson et al. 1997; Gordon et al. 1998 ) coupled with automated shell scripts and Perl programs made for this study. Sequence with data quality value (QV) PHRED scores ) lower than 35 were not used. Singleton SNPs (i.e., sites where a single individual is different from all others) with QV scores lower than 65 were not used. This corresponds to an expected error rate of 3.16 3 10 À7 or about one mistake per 3 million basepairs. Thus, the entire data set of 6.7 mega basepairs (Mbp) would be expected to have about 2 false singleton SNPs. The GenBank accession numbers are AB268589-AB269260.
STR Genotyping
We genotyped 2 dinuclotide repeat STR regions at chrX: 50, 585, 85, 102 (STR2) and chrX: 50, 588, 588, 675 (STR1) on NCBI Build 36.
For STR2, the primer sequences were as follows: forward primer, STR2L (5#-TCTCAGGATCTTGGCTTCG T-3#) and reverse primer, STR2R (5#-CCAACCACCACA-GATAGCAG-3#). For STR1, they were as follows: forward primer, STR1-2L (5#-TGGGCAGCAAAAGCACT AT-3#) and reverse primer, STR1-2R (5#-GCCTGGAT-TTGGCTTTCAG-3#).
The STR1-2R and STR2L primer sequences also included an M13 sequence at the 5# end. Using IRD41 dye-labeled M13 forward and reverse primers (LI-COR, Inc., Lincoln, NE), the double loci amplifications were carried out in a final reaction volume of 20 ll according to the following PCR cycling conditions: 95°C for 2 min, 33 cycles at 95°C for 30 s, 59°C for 30 s, and 72°C for 30 s, plus a final extension at 72°C for 5 min. Amplification products were run in an LI-COR automated electrophoresis unit, model 4200 under the Global IR 2 system. The Gene ImagIR and SAGA analysis software were used to collect and analyze fragment size. STR genotypes are available as Supplementary Material online.
Definition of DNA Sequence Haplotypes
In order to define haplotypes, in a context where some data are missing, we follow the concept of ambiguous and unambiguous haplotypes proposed by Patil et al. (2001) and adopted by Zhang et al. (2002 Zhang et al. ( , 2003 . In this framework 2 haplotypes are incompatible if they differ at one or more base positions at which neither is missing data, and a haplotype is considered ambiguous if it is compatible (because of missing data) with 2 or more other haplotypes that are themselves incompatible.
In DNA sequence-based population genetic studies, the question arises of how best to handle data at base positions for which a subset of sequences are not resolved. The simple solution of not including such sites becomes less practical in proportion to the number of sequences in the study. This is because with more sequences more sites will be invalidated by virtue of ambiguity in at least one sequence. Alternatively, ambiguous bases can just be scored individually as missing data. Under an assumption that missing data (or data with low QV scores) are a random sample of all data with respect to the levels and patterns of DNA sequence variation, and so long as each sample in the data set is represented by a substantial portion of the sequenced region, most analyses will not be affected by missing data. This is the approach used here. In this study, approximately 9% of the samples (58) are missing data for a portion of one of the 22 PCR segments because of a failed sequencing reaction on one or both strands. The locations and frequencies of unresolved bases are provided in Supplementary Material online.
Resequencing studies with large numbers of samples do offer an advantage for resolving previously unknown SNPs. This is because the false positive rate of a SNP is roughly the error rate for individual basepairs raised to the power of the number of times the low-frequency base was observed. SNPs for which the low-frequency base occurs more than once will have a very low false positive rate, and the proportion of such SNPs is higher for studies with large samples. For example, with a data set of n sequences, under an assumption of neutrality and constant population size, the proportion of SNPs that are singletons has an expected value of 1= P nÀ1 i51 1=i (Watterson 1975) . If n 5 10, this is 0.35, and if n 5 672, it is 0.14 (although in this study the fraction of singletons turned out to be considerably higher). In fact, singleton SNPs can play a major role in analyses of changing population size, and for data sets with small numbers of sequences, their frequency strongly shapes statistics that are used as indicators of population size change (or selection). However, in large data sets, SNPs occur across a more finely grained frequency range and frequency-based statistics are not as sensitive to the numbers of singletons.
Identification of hX in East African Samples
PCR primers used to amplify a 314-bp product from the 5# region (5A) containing diagnostic site (A/G at position 50,583,786 in NCBI Build 36.1) were 5#-TGT GGGTATTAGGCCAAAGC-3# and 5#-CAATCTTTGA GCCAGCACAG-3#; primers used to amplify a 315-bp region containing the middle diagnostic site (MA) (TT/AG at position 50,588,247-50,588,248) were 5#-TGAATCAG-GACTCTTTTGCTTG-3# and 5#-GGAACTTTCGCTGG-GACTTT-3#; and primers used to amplify a 436-bp region containing the 3# diagnostic site (3A) (G/C at position 50,592,308) were 5#-TGGTGTGATCATGGCTCATT-3# and 5#-GCCAGGGGTGTGACATTTAT-3#. A total of 50 ng of genomic DNA was amplified in a final reaction volume of 25 ll according to the following PCR cycling conditions: for the 5# region-94°C for 1 min, 14 cycles at 94°C for 1 min, 62°C for 38 s, and 72°C for 1 min 30 s and then 20 cycles at 94°C for 45 s, 57°C for 40 s, and 72°C
for 1 min 30 s, plus a final extension at 72°C for 5 min. For the middle region: 94°C for 1 min, 30 cycles at 94°C for 1 min, 60°C for 1 min, and 72°C for 1 min, plus a final extension at 72°C for 5 min. For the 3# region, 94°C for 1 min, 30 cycles at 94°C for 1 min, 62°C for 1 min, and 72°C
for 1 min plus a final extension at 72°C for 5 min. Amplification products were run on a 1.8% agarose gel. Primers 5A, MA, 3A were used for sequencing directly from PCR products using the ABI Big Dye v3.1 terminator kit, followed by SAP-EXO purification of products, which were run on a 3730xl automated sequencer (Applied Biosystems, Foster City, CA). Sequence files were aligned and SNPs identified using the Sequencher v. 4.0.5 program (Gene Codes, Ann Arbor, MI).
Haplotype Tree Estimation
We constructed a minimum evolution (ME) tree (Rzhetsky and Nei 1992 ) using the MEGA 3.0 program (Kumar et al. 2004 ) with a chimpanzee sequence as outgroup. The chimpanzee sequence was obtained through the University of California at Santa Cruz Genome Browser (Kent et al. 2002) , from the Arachne draft assembly (Build 1 Version 1, November 2003, http://genome.ucsc.edu/goldenPath/credits.html#chimp_credits). We excluded chimpanzee sequence with sequence quality scores below 40. The total length of aligned chimpanzee sequence in the genome build with high QV scores was 7,075 bp. Distances were estimated using the Jukes-Cantor model (Jukes and Cantor 1969) . A relative rate test (Tajima 1993) did not show significant difference between the longest and shortest branch lengths from the chimpanzee sequence (P . 0.05).
To estimate the time to the most recent common ancestral sequence, the ME tree was linearized and calibrated assuming a root time of 6 MYA (Chen and Li 2001; Brunet et al. 2002) . If the Xp11.22 region actually has a more recent common ancestry time, as has been suggested for X-chromosomal genes (Patterson et al. 2006) , then the estimated dates can be rescaled proportionately.
Diversity Measures
Measures of variation, including Watterson's estimator (Watterson 1975 ) and the average number of pairwise differences, or p (Nei and Tajima 1981) , as well as Tajima's D (Tajima 1989) were calculated using the SITES program (Hey and Wakeley 1997) . We used the Arlequin computer program (http://anthro.unige.ch/arlwquin) (Excoffier et al. 2005) to estimate F ST and conduct a Mantel test of association between F ST values for the Xp11.22 region and for a large STR data set .
Coalescent Analysis of Common Ancestor Time
A Bayesian estimate of the time of common ancestry for all of the sequences and for particular haplotypes was conducted using the IM computer program . This method implements a population divergence model, but can be readily adapted to a single population model. A high prior upper bound on the population mutation rate, h 5 3 Nu for X-linked loci, was selected to exceed the estimated upper limit of the posterior density for h . The program was modified to record the common ancestor time for an entire sample, as well as for a particular subset of sequences of the same haplotype, assuming the infinite-site mutation model (Kimura 1969) . By scaling by the divergence observed between humans and chimpanzees, the method generates posterior probability density estimates of the time of the most recent common ancestor (TMRCA). Four different locus models were considered: sequence alone under the infinite-site model, sequence and linked STR 1, sequence and linked STR 2, and sequence and both linked STR regions. The accommodation of models with perfectly linked loci of different mutation models is described in . The method assumes that there has not been recombination during the history since the TMRCA. The 4-gamete test was used to check for the presence of recombination (Hudson and Kaplan 1985) .
Results
Among the 672 sequences, we identified 106 SNPs. Indel variation was low, with nearly all length variations associated with single-or 2-base changes, often associated with short runs of repeats or with 1 of the 2 STR regions. The longest unambiguous indel (i.e., away from an STR region) was 9 bp and occurred in just 1 sequence from the Makrani sample from Pakistan.
The sequence data revealed almost no sign of recombination in the history of the sample. The 4-gamete test of Hudson and Kaplan (1985) suggested just a single recombination event across the entire data set. The total number of distinct haplotypes was 67, and there were 100 sequences for which the haplotype was ambiguous because of an ambiguous base in a position that distinguished one or more haplotypes. There are 7 haplotypes (h18, h21, h26, h33, h39, h40, and hX) that occurred in more than 1 geographic region. Three of these haplotypes were observed many times, with 95, 119, and 219 copies for h33, h39, and h40, respectively, for a total of 433, or 75.7% of all unambiguous haplotypes. One unusual haplotype differed at 27 positions from all other haplotypes. Designated hX, this haplotype was found once in Melanesia (Oceania) and 8 times in widespread locations in Eurasia, including the Orkney Islands, Pakistan, Algeria, Israel, and France. Contrary to the typical pattern found in many genes, in which the variation in non-African populations is a subset of the variation in sub-Saharan Africa, hX was not observed among the HGDP-CEPH males from sub-Saharan Africa (98 individuals). Figure 1 shows the gene tree estimate for the 67 unambiguous haplotypes, together with their frequencies and geographic regions in which they occurred. The average of Jukes-Cantor distances between the chimpanzee and the human haplotypes is 0.0133 changes per site, which corresponds to a mutation rate of 1.11 3 10 À9 per year per site, assuming a 6 MYA divergence since human/chimpanzee common ancestry. Based on divergence from the Chimpanzee sequence, the estimated date of ancestry of the human haplotypes (assuming a molecular clock) is 1.44 MYA. The large majority of this time depth is due to the presence of hX. Without the hX, the TMRCA is about 0.23 Myr ( fig. 1) .
Overall, the predominant pattern is one of a few common widespread haplotypes, with many rare haplotypes that are very similar to the few common widespread haplotypes. Haplotype h33 is widespread outside of Africa, but this and related sequences were not observed in the subSaharan African samples. However, h33 is quite similar to the most common haplotype, h40, which is widespread both within and outside of Africa. In contrast, hX that is highly divergent from all other haplotypes was not observed in sub-Saharan African samples and was found at a low frequency in populations where it was observed even though those populations with hX are widely dispersed. The presence of hX creates a highly unbalanced tree with just 9 gene copies on one side of the basal node ( fig. 1 ). Table 1 summarizes the variation in each of 52 populations, and figure 2 shows the values of 2 common estimators of the population mutation rate, both with and without inclusion of hX for 7 geographic regions. As is common for many loci in human populations, there tends to be an excess of low-frequency variation causing an elevation ofĥ relative to p (Tishkoff and Verrelli 2003) . This can be caused by population growth as well as by some patterns of population structure. When hX is excluded ( fig. 2B ), sub-Saharan Africa is more variable than other regions of the world; however, the pattern changes markedly when hX is included ( fig. 2A) , in which case some other regions are more variable than sub-Saharan Africa.
Measures of Variability
The elevated counts of low-frequency polymorphic sites, which are reflected in the differences betweenĥ and p, are also reflected in negative values of Tajima's D statistic (Tajima 1989) , as seen in figure 3 . The significant values of Tajima's D for individual populations (table 1) are due to the presence in those population samples of single copies of hX.
STR Typing
The number of repeats in the 2 STR loci in all samples examined is shown in the Supplementary Material online. STR 1 had an average repeat number of 17.3, whereas the average for STR 2 was 19.0. Frequency distributions for the 2 STRs are shown in figure 4 , and it can be seen that STR 1 is much more variable (see also table 1). Figure 4 also shows the STR allele frequencies observed in 9 copies of hX. Despite the apparent age of hX, only 3 different alleles were observed at STR 1 and only 2 different alleles were observed at STR 2. For neither STR does hX have the same modal allele as found in the entire population sample. 
SNP Database Search
We examined the correspondence of a public SNP database dbSNP (b126) (http://www.ncbi.nlm.nih.gov/SNP/) to the SNPs discovered in this study using the NBCI Build 36.1 of the human genome and the UCSC genome browser. In our sequenced region, 24 RefSNP Clusters, including 4 rsIDs representing virtually identical indel sites, were recorded, but 2 (rs17249475, rs5961152) were not observed in our data. It is noteworthy that 4 rsIDs (rs17249482, rs17315387, rs17315394, and rs17249496) are unique SNPs caused by hX, whose variant allele frequencies in the European panel (PERLEGEN: AFD_EUR_PANEL, n 5 24) were 0.043, 0.043, 0.045, and 0.062, respectively, but were not found in the African panel (PERLEGEN: AF-D_AFR_PANEL, n 5 23) or the Chinese panel (PERLE-GEN: AFD_CHN_PANEL, n 5 24). This pattern is consistent with our data in terms of allele frequencies in global populations, that is, we observed 2 copies of hX in 66 European chromosomes (0.03), but none in the African or East Asian samples of the HGDP-CEPH panel. The HapMap project (Rel #21, on NCBI B35, dbSNP b125) (http://hapmap.org/) genotyped 6 SNPs (rs5915321, rs2226047, rs17315373, rs6614353, rs5961209, and rs5961210) in this region, although these do not contain any hX unique SNPs. The HapMap data suggest strong linkage disequibrium among these 6 SNPs in all 4 populations included in the HapMap project. In particular, |D#| 5 1 and r 2 5 1 in all pairs among the 3 SNPs with minor allele frequencies greater than 17% (i.e., rs5915321, rs5961209, and rs5961210), including the pair having the greatest separation distance (i.e., 5,930 bp between rs5915321 and rs5961210).
Population Structure Table 2 shows the matrix of pairwise F ST estimates calculated from DNA sequences (Hudson et al. 1992 ) and using both STRs in the Xp11.22 region, on the basis of the geographic regions identified by Rosenberg et al. (2002) . This table corresponds to supplemental table 2 of Rosenberg et al. (2002) , which was calculated using 377 autosomal STRs for all 1,056 individuals (males and females) in the HGDP-CEPH. The correspondence between F ST estimates in the 2 studies is shown in figure 5 . The Mantel test of association between the F ST estimates based on our STR data and for the STR data of Rosenberg et al. was statistically significant. However, no significant association was observed for F ST estimates based on the Xp11.22 sequence data and for the STR data of Rosenberg et al. (2002) . In general, the patterns of population structure for the Xp11.22 region are similar to the larger study of autosomal STRs. However, population structure appears to be stronger for the Xp11.22 region than for the autosomal loci ( fig. 5 ) as suggested by estimated linear regression slopes greater than 1.
Time of the Most Recent Common Ancestor
Haplotype hX was found in geographically diverse populations, but not in the sub-Saharan African samples. The hX haplotype connects to the root of the human gene tree for the Xp11.22 region, and in this sense it is quite old, yet it is also relatively rare and not very variable. No haplotypes similar to hX were found (i.e., all 9 copies of hX were identical at the sequence level) and hX harbors little STR variation (fig. 4) . The pattern is suggestive of a history in which hX entered the non-African populations at a low frequency from some non-African source. Similar patterns at other loci have been interpreted as suggestive of admixture between modern humans and archaic Homo sapiens outside of Africa. (Garrigan, Mobasher, Kingan, et al. 2005; Garrigan, Mobasher, Severson, et al. 2005; Evans et al. 2006) . Analyses of the posterior probability of the TMRCA were conducted in order to assess how long ago the common ancestor of hX is likely to have existed. Over the course of the Markov chain Monte Carlo simulation, the TMRCA of all gene copies as well as for just those gene copies bearing hX were recorded (see Materials and Methods). To provide estimates in terms of years, the coalescent time was scaled by the estimated human/chimpanzee divergence rate. Figure 6 shows the resulting posterior density estimates, which were very similar regardless of whether or not the STR data were included in the analyses. For just the analyses using only DNA sequences (i.e., no STR data), the estimated time of common ancestry for hX was 5,230 years (95% confidence interval [CI]: 2,000-75,480 years) and the estimated time for the common ancestry of all the sequences was 1.271 MYA (95% CI: 0.882 to 1.792 MYA). However, the posterior probability curves were very similar regardless of whether one or both STR regions were included with the sequence. It is useful to emphasize that even though the estimated TMRCA for hX is quite recent, the posterior density is skewed and extends far to the right ( fig. 6A , note the log scale of the x axis). Given that appreciable probability is also associated with times older than 50,000 years, the TMRCA analyses are not inconsistent with a model in which hX moved out of Africa with an out-of-Africa migration of modern humans sometime within the past 100,000 years. If this model is correct, then we would expect to find hX in a broader sampling of subSaharan African populations.
Extending Sampling from Africa
Given the observed frequency of hX outside of subSaharan Africa (1.6%), we can estimate the probability of not observing hX in our sample of 92 sub-Saharan gene copies. That probability is 0.226 (i.e., ð1 À 0:016Þ 92 ), which means that the absence of hX in the sub-Saharan HGDP-CEPH male samples is not particularly a strong evidence that hX does not occur there at low frequencies similar to what has been observed outside of sub-Saharan Africa.
To better explore the question of whether hX occurs in sub-Saharan Africa, we sequenced 3 portions of the Xp11.22 region that are diagnostic for hX in an additional set of samples from Tanzania and Chad. Out of 101 chromosomes, 5 copies (0.0495%) of hX were found. These included 1 from the Laka tribe in Chad and 4 from Tanzania: 1 from the Burunge tribe, 2 from the Turu tribe, and 1 from the Sandawe tribe. There is an apparent contrast between the absence of hX in males from the HGDP-CEPH panel, for which African samples come from southern and western sub-Saharan Africa, and the presence of hX in samples from northern and eastern sub-Saharan Africa. Fisher's exact test of a difference in frequencies between the 2 sets of samples (n 5 95 0 copies of hX for HGDP-CEPH sub-Saharan African Samples; n 5 101, 5 copies of hx for Chad and Tanzania) is on the border of statistical significance (P 5 0.0599).
STR 1 and STR 2 were genotyped in the samples of hX from Chad and Tanzania to assess whether they are divergent from those copies of hX found in the HGDP-CEPH panel. Only modest evidence of divergence was found: STR 1 had 4 copies of length 18 and 1 of length 17 (compare with fig. 4 ) and STR 2 had 3 copies of length 20 and 2 copies of length 22. Like the copies of hX found in the HGDP-CEPH panel, the samples from Chad and Tanzania had low variation at STR 1 and STR 2, and at both STR regions, the most common allele found in the Chad and Tanzania samples was also the most common allele found in the HGDP-CEPH samples.
Discussion
This study extends the general approach of using DNA resequencing for answering questions about the population genetic history of humans to a worldwide sample of individuals (672) and populations (the 52 populations sampled in the HGDP-CEPH panel). The survey of a 10.1-kbp region from the human X chromosome revealed a widespread rare haplotype, hX, that is highly divergent from the other copies of the region and that might not have been observed in a more modest sampling scheme. This study also incorporated linked STR variation for 2 repeat regions within the Xp11.22 sequenced region. The use of compound haplotypes like these has often been used in the past for comparison of mutation processes (Orti et al. 1997; Colson and Goldstein 1999; Schlötterer 2000; Blankenship et al. 2002; Estoup et al. 2002) . Less often have STRs and flanking sequences been used conjointly to infer population genetic history (Tishkoff et al. 1996; Rogers et al. 2000; Won et al. 2005 ).
Levels and Patterns of Variation
With the exception of 1 haplotype, hX, the Xp11.22 region is not highly variable. The estimated depth of the haplotype tree, for that portion not including hX, is just 0.23 Myr, similar to what has been reported for a 10-kbp region in xq13.3 (Kaessmann et al. 1999 ), but less than that for other X-linked loci (Nachman et al. 1998; Hey 1999, 2001; Jaruzelska et al. 1999; Nachman and Crowell 2000; Gilad et al. 2002; Verrelli et al. 2002; Nachman et al. 2004 ). The low level of variation among non-hX haplotypes is consistent with what has been observed in resequencing studies of other regions that are fairly close to Xp11.22. The Alas2 gene region on Xp11.21, which is about 4.5 Mbp away, and the Msn gene region on Xq12, separated from Xp11.22 by about 10 Mbp, both showed low levels of variation in samples of 41 chromosomes (10 African and 31 non-African) (Nachman et al. 2004 ). The patterns of population structure were similar to those observed in a large study of autosomal STR loci on the HGDP-CEPH panel , with levels of structure being somewhat higher, perhaps because the Xp11.22 is sex linked and is expected to have a higher rate of genetic drift compared with autosomal loci.
Inclusion of hX essentially adds 1 Myr to the depth of the haplotype tree and greatly increases the overall level of variation. Although hX is always found at low frequency, it was found in 9 copies among males of the HGDP-CEPH panel, and these were scattered widely throughout the non-sub-Saharan African samples. The hX haplotype differed from all other sequences at 27 base positions, although among the copies of hX there was no sequence variation and STR diversity was low. The STR alleles that were found among copies of hX were also common among the other haplotypes ( fig. 4) . From the perspective of single STRs, copies of the Xp11.22 region that carry hX are nearly indistinguishable from non-hX types. However, at the level of STR haplotypes (joint for STR 1 and STR 2), there is some differentiation. Table 3 shows the frequencies of STR haplotypes that were common in the HGDP-CEPH, as well as the frequencies of the STR haplotypes found among copies of hX. The most common hX STR haplotype (18, 20) was not found among the non-hX types, and only one of the hX STR haplotypes (17, 20) was found in appreciable frequency (0.03%) among non-hX types.
A coalescent analysis provided estimates of the posterior probability density of the TMRCA of hX and of the full set of data ( fig. 6 ). The distribution for hX had an extended tail to the right and a peak located at about 5,200 years-a very recent time that is reflective of the overall lack of variability among copies of hX.
What hX Tells Us about the History of Modern Human Populations
The patterns presented by the HGDP-CEPH sequences and by the 9 copies of hX among those sequences are puzzling: hX is highly divergent from other gene copies, extending the gene tree depth to several times what it would be otherwise; hX is rare but widespread out of sub-Saharan Africa; hX was not found in the sub-Saharan African HGDP-CEPH samples; and a coalescent analysis suggests a recent common ancestor time of the 9 copies of hX. On the basis of these observations alone, the pattern is consistent with what has been seen at some other loci and that has been interpreted as evidence of limited admixture outside of Africa between modern humans and archaic humans (Garrigan, Mobesher, Severson et al. 2005; Evans et al. 2006) . However, hX does indeed occur in sub-Saharan Africa as shown by the extended sampling of populations in Chad and Tanzania (populations not included in the HGDP-CEPH). If we were to still consider a model of recent admixture between modern and archaic humans outside of Africa, then the finding of hX in Chad and Tanzania means that we would also have to include gene flow of hX into eastern Africa following that admixture.
The presence of hX makes for a very unbalanced gene tree ( fig. 1) . The low frequency and the fact that hX connects to the base of the human Xp11.22 gene tree suggests some kind of departure from selective neutrality or from panmixia. Under a random branching model, such as the standard neutral coalescent, the proportion of sampled sequences that fall to 1 side of the basal node of a tree is a uniform random variable (Harding 1971 ). Given our sample of 672 gene copies, there are 671 possible different counts of sequences to 1 side of the basal node, each with equal probability (under the standard neutral coalescent). The probability of an imbalance equal to or greater than what was observed (i.e., 9 gene copies on either side of the tree) is 2 3 9 3 (1/671) 5 0.0268. In other words, the gene tree is more unbalanced than we expect by chance under a simple neutral, panmictic model. One possible selective explanation is that some or all of the non-hX gene copies are from a class of haplotypes that are selectively favored and that are slowly increasing in frequency at the expense of hX. Alternatively, it is possible that selection (e.g., on an adjacent tightly linked region) has played a role in maintaining hX consistently at low frequencies. However, this would not easily explain the estimated recent young age of the common acestor of the different copies of hX.
Another explanation of the unbalanced tree is that our sample does not come from a panmictic population. This is certainly true given our general understanding of human population structure and history. However, discerning the kind of population structure that best explains hX and the unbalanced tree is not a simple matter. One possible historical model that could generate this pattern supposes that differences between hX and other haplotypes arose in the presence of population structure that allowed for the divergence among Xp11.22 haplotypes. Even if we discount the possibility of a non-African archaic human population as the source of hX, the age and low frequency of the haplotype does suggest a history in which hX persisted and diverged in a separate refugium population (either a separate modern human population or possibly an archaic human population). Models of this type, which suppose the presence of old population strutcture among African populations, have been suggested based on evidence from other regions of the genome (Tishkoff et al. 1996; Harding et al. 1997; Labuda et al. 2000; Tishkoff et al. 2000; Zietkiewicz et al. 2003; Garrigan, Mobesher, Kingan, et al. 2005) .
But whether or not the divergence of hX and other copies of the Xp11.22 region is specifically due to old population structure, the close relatedness of different copies of hX and their widespread occurrence in Eastern Africa, Europe, and Asia are consistent with Eastern Africa being a recent source of non-African modern human populations (Quintana-Murci et al. 1999; Underhill et al. 2000; Semino et al. 2002; Tishkoff and Verrelli 2003) .
Supplementary Material
STR genotypes, the locations and frequencies of unresolved bases, and the number of repeats in the 2 STR loci in all samples examined are available at Molecular Biology and Evolution online (http://www.mbe. oxfordjournals.org/).
